Local dC/dV spectroscopy performed in a scanning capacitance microscope ͑SCM͒ was used to map, quantitatively and with high spatial resolution (ϳ50 nm), lateral variations in the threshold voltage of an Al x Ga 1Ϫx N/GaN heterostructure field-effect transistor epitaxial layer structure. Scanning capacitance and the associated threshold voltage images show small round features less than 150 nm in diameter with a corresponding shift in threshold voltage of about 1. Al x Ga 1Ϫx N/GaN heterostructure field effect transistors ͑HFETs͒ have attracted intense research interest due to their importance for microwave and high-temperature/high-power electronic applications [1] [2] [3] [4] However, high threading dislocation densities (ϳ10 8 -10 10 cm Ϫ2 ), are typically present and can lead to increased carrier scattering 5 and high concentrations of acceptor-like trap levels. 6 In addition, it has been observed that the HFET threshold voltage (V T ) can shift by up to 1.5 V near a dislocation; 7 the presence of thickness and composition variations in the Al x Ga 1Ϫx N layer can result in further variations in V T . 8, 9 Thus far, however, only limited quantitative experimental information is available to directly correlate shifts in threshold voltage with threading dislocations, thickness and composition variations, and other defects.
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In this letter, we report on the application of spatially resolved scanning capacitance spectroscopy to quantify local threshold voltages and to map threshold voltage variations for an Al x Ga 1Ϫx N/GaN HFET; the observed shifts in V T and their spatial distribution are consistent with the presence of charged threading dislocations and with localized thickness and/or composition variations in the Al x Ga 1Ϫx N layer. All measurements were performed with grounded, p ϩ Si probe tips in a Digital Instruments 3100 scanning capacitance microscope ͑SCM͒ under ambient conditions with bias applied to ohmic contacts on the sample. The sample used in these studies consisted of a 23 nm undoped Al 0.26 Ga 0.74 N/1.2 m undoped GaN/0.1 m AlN heterostructure grown on 4H-SiC͑0001͒ by metalorganic chemical vapor deposition. Ohmic contacts were made to the sample by evaporation of 33 nm Ti/77 nm Al and subsequent annealing at 750°C for 1.5 min. Due to polarization effects, a two-dimensional electron gas ͑2DEG͒ is created at the Al x Ga 1Ϫx N/GaN interface, even in the absence of intentional doping. [10] [11] [12] Figure 1 shows scanning capacitance images and the corresponding contact-mode topography images. The scanning capacitance data were acquired with a dc bias of 5 V applied to the sample for ͑a͒, and 7 V for ͑b͒, while the ac bias was fixed at 2 V at a frequency of 100 kHz. Small round features with radii of 50-70 nm are observed in the top scanning capacitance image, while the large-area scan shows features typically several microns in size, which are similar, but do not directly correlate, to the structure observed in the topography image.
To obtain a high-resolution threshold voltage map, we reduced the scan area to 1 nmϫ1 nm and measured the dC/dV signal from the SCM as a function of a dc bias V sample . This bias was ramped from 0 to 8 V with a frequency of 5 Hz and added to the SCM ac bias. To reduce noise, we averaged multiple ͑typically 50-400͒ dC/dV vs V curves. We then moved the tip in steps of 50 nm and repeated the procedure. For low-resolution threshold voltage maps of larger scan areas, such as the 40 mϫ40 m area as shown in Fig. 1 , we scanned the tip at each point over an area of 500 nmϫ500 nm, thus effectively averaging the dC/dV vs V curve over this area, and used a step size of 1 m.
The dC/dV vs V data were processed by subtracting a linear background that arises from uncompensated stray capacitances, and then normalizing to a peak amplitude of unity. Figure 2͑a͒ shows the dC/dV data plotted in the usual representation, i.e., versus tip bias V tip ϭϪV sample for two different points in the smaller scan: one on top of a round feature ͑denoted by ''1'' in the figures͒ and an area with little SCM contrast ͑denoted by ''2''͒. An integration of these data yields the capacitance-voltage characteristics shown in Fig.  2͑b͒ , and a second integration yields the charge within the 2DEG versus voltage. The threshold voltage is then obtained by linear extrapolation, as shown in Fig. 2͑c͒ . Figure 3 shows maps of the threshold voltage within the dashed areas indicated in Fig. 1 . Both small (ϳ100-150 nm) and larger (ϳ3 -7 m) features are observed at length scales consistent with those observed in the corresponding SCM scans. A direct correlation between the threshold voltage maps and SCM images is complicated by thermal drift of the piezo and delays in the piezo response, which can result in a slightly shifted and stretched threshold voltage map as compared to a SCM image of the same area. To highlight the correlation between the SCM images and the threshold voltage maps, five corresponding locations are marked in Figs. 1 and 3 .
The statistical distributions of the threshold voltages, shown in Fig. 3 , are characterized by an average value of Ϫ3.5 V and a standard deviation of 0.6 V for ͑a͒, and an average value of Ϫ4.8 V with standard deviation of 0.7 V for ͑b͒. The observed difference in the average threshold voltages for the small and large area scans is a result of the large scale variations in V T . The large distributions in threshold voltage observed at these length scales have important implications for the reproducibility of device performance, i.e., depending on the degree and spatial distribution of localized variations in V T , a set of devices might show a large distribution in actual transistor threshold voltage.
The small round features in the smaller scan are consistent with the presence of charged threading dislocations at a density of about 10 9 cm Ϫ2 in the sample. Several groups have reported that threading dislocations in III-V nitride heterostructures can produce acceptor-like trap states 6 which become negatively charged. 13, 14 This charge can result in depletion of the 2DEG at the Al x Ga 1Ϫx N/GaN interface, 9 causing a shift in threshold voltage near the threading dislocations which would be observed in the scanning capacitance data and the V T map.
We can estimate the effect of a charged threading dislocation on the SCM contrast feature and on the local shift in threshold voltage. Assuming a tip with a radius of curvature of 15 nm, we would estimate an actual feature radius of 35-60 nm for an observed feature radius of 50-75 nm due solely to the convolution of the actual feature with the tip shape. In addition, the observed feature radius is increased by a depletion region of about 30 nm formed by the tip in the Al x Ga 1Ϫx N layer. This results in a final actual feature radius of about 30 nm or smaller.
The potential due to a charged line, with screening by ionized impurities and free electrons, is given by 15 U͑r ͒ϭ perature, and N d the background dopant density. We can use Eq. ͑1͒ to describe the potential due to a charged threading dislocation by setting ␥ϭ f /c, where f is the fraction of filled traps ͑ranging from 0 to 1͒ and c the ͓0001͔ lattice constant of Al x Ga 1Ϫx N. Assuming a dislocation density of 10 9 cm
Ϫ2
and a background dopant density of 10 18 cm Ϫ3 within the Al x Ga 1Ϫx N layer, one obtains 16 f Ϸ0.5 and a Debye length of ϳ3.5 nm at 300 K. The effect of the potential U(r) ceases to be significant when U(r)ՇkT, i.e., when rտ3.25 D . We thus obtain an estimated feature radius of about 11 nm, which is well within the above mentioned range of 30 nm or smaller.
In the vicinity of these features, the maximum threshold voltage shift ⌬V T from the average value is about 1.5-2 V, which is consistent with previous measurements by Hansen et al. 7 Using the expression QϭϪC⌬V T , where C is the capacitance per unit area of the Al x Ga 1Ϫx N barrier layer, we estimate the measured ⌬V T to correspond to a charge Q of about Ϫ3.4 to Ϫ4.6ϫ10
12 e/cm 2 . This value is approximately equal to the amount of charge expected to be contained, within the Al x Ga 1Ϫx N barrier layer and an area equal to the tip size, on a threading dislocation with linear charge density of about Ϫ10 7 e/cmϷ0.5 e/c. The larger features observed in Fig. 3͑b͒ exhibit threshold voltage shifts as large as Ϯ1 V or more relative to the average threshold voltage value of Ϫ4.8 V. The features observed in Fig. 1͑b͒ are comparable in size to those observed in the topography, suggesting that thickness variations in the Al x Ga 1Ϫx N layer might play a substantial role in the measured V T variations, as postulated on the basis of previously reported SCM studies. 8, 9 Using a theoretical expression for the sheet carrier concentration n s in the 2DEG, 17 ⌬V T for an Al x Ga 1Ϫx N layer with average thickness d due to a change in thickness ⌬dӶ2d is found to be given by
where pol is the polarization sheet charge density at the heterojunction interface and N d the dopant concentration in the Al x Ga 1Ϫx N layer. For an Al concentration of 26% and dϭ23 nm, we obtain pol Ϸ1.25ϫ10 13 e/cm 2 , 18 which results in a threshold voltage shift of about 0.25 V for a thickness change of about 1 nm.
Using a similar approach, we can also calculate that a composition variation ⌬x in the Al x Ga 1Ϫx N layer would lead to a shift in threshold voltage ⌬V T given by
Thus, ⌬xϷ0.01 would yield ⌬V T comparable to that of a 1 nm thickness variation. The observed larger variations in ⌬V T of more than 1 V might therefore be the consequence of a combination of thickness and composition variations in the Al x Ga 1Ϫx N layer.
In conclusion, we have used local dC/dV spectroscopy performed in a scanning capacitance microscope to quantify and map the threshold voltage distribution in an Al x Ga 1Ϫx N/GaN HFET structure. We observed small round features which showed a threshold voltage shift of about 1.5-2 V compared to the average threshold voltage, and larger features several microns in size with corresponding threshold voltage shifts of up to 1 V or more. The small features exhibit approximate charge densities consistent with the presence of charged threading dislocations that cause localized reduction or depletion of carriers from the 2DEG. The estimated density of these features is ϳ10 9 cm Ϫ2 . The larger features are postulated to arise from a combination of thickness and composition variations in the Al x Ga 1Ϫx N layer.
